Homologous recombination is a fundamental cellular process that rearranges genes within and between chromosomes, promotes DNA repair, and guides segregation of chromosomes at division. It provides, therefore, a potent evolutionary force that serves both to promote genetic diversity and to conserve genetic identity. Failure to repair damaged DNA is associated at a cellular level with sensitivity to radiation, altered mutation rates, DNA and chromosomal aberrations, and reduced viability.
Genetic recombination occurs via breakage and reunion of DNA chains and generally conserves sequence information. Precision is achieved through the simple expedient of pairing complementary single strands from each molecule to form a heteroduplex intermediate that registers homology. Illegitimate exchange can be aborted at this stage by enzymes that recognize base pair mismatches (57) . More than 30 years ago, Holliday (19) proposed a model of meiotic recombination in which homologous chromatids exchange single DNA strands to form a joint molecule with a four-way junction at the point of exchange. Resolution of the junction by symmetrical strand cleavage, coupled with repair of mismatches, provided plausible explanations for the formation of recombinants and for the patterns of marker segregation. Many features of the model have since been found wanting. In particular, recombination is now known to initiate at a double-strand break or single-strand gap in one DNA molecule ( Fig. 1 ) and is often asymmetric or nonconservative in outcome (Fig. 1A) (46) . However, the general idea that recombination entails a sequence of reactions that form and then resolve heteroduplex intermediates has withstood the test of time.
The molecular pathways of homologous recombination have been dissected in detail in Escherichia coli (23, 26, 49) . Heteroduplex intermediates are usually formed by the RecA filament, a structure that overcomes the natural tendency for Watson-Crick strands to remain paired and at the same time makes use of this property to exchange single strands between duplex molecules in a way that secures homologous alignment (49) . The solution is so elegant that it has been retained throughout evolution (45) . RecA polymerizes on regions of single-stranded DNA generated at the ends of (broken) duplex DNA by nucleases (e.g., RecBCD) that preferentially degrade one strand (Fig. 1A) or at single-strand gaps (Fig. 1B) . Polymerization proceeds in the 5Ј-to-3Ј direction to form a helical nucleoprotein filament that can extend to the adjacent duplex. Within the filament, the DNA is extended, and if the DNA is duplex, it is underwound. Extending the DNA is critical for DNA pairing, in which a homologous duplex is sought, brought into alignment within the filament, and driven rapidly to exchange strands with the resident molecule (49) . Strand exchange links the two molecules together and creates a heteroduplex joint. If pairing is limited to the single-stranded region bound by RecA, the exchange forms a D-loop (Fig. 1A) . However, if it extends into the duplex, strand exchange is reciprocal and generates a Holliday junction. In both cases, strand exchange is unidirectional and proceeds with a 5Ј-to-3Ј polarity. The joint molecules formed by RecA are then eliminated by other enzymes. In E. coli, these enzymes include RuvABC, RecG, and RusA.
The availability of partial and complete genome sequences from diverse species has facilitated a study of the conservation of these enzymes during evolution. This minireview summarizes our findings in the context of the enzymology of Holliday junction processing.
HOLLIDAY JUNCTION PROCESSING BY RuvABC
The RuvAB and RuvC proteins have been shown to catalyze the branch migration and resolution of Holliday junction recombination intermediates. There is genetic and biochemical evidence to suggest that in E. coli at least, these two activities can be coordinated in a single tripartite complex (Fig. 2C) . The availability of crystal structures for RuvA and RuvC and electron microscope images of RuvB have greatly advanced our understanding of the structure of this complex and how it operates.
A tetramer of the 22-kDa RuvA protein forms a grooved platform on which the Holliday junction is held in a square planar configuration ( Fig. 2A) (18, 33, 38) . A pair of helixhairpin-helix motifs from each RuvA subunit position lysine residues for contact with the phosphate backbone of the DNA (18, 37) . In the center of the RuvA tetramer are four protrusions, each consisting of two acidic residues from each monomer ( Fig. 2A and B ). These acidic "pins" project towards the crossover point of the duplex arms and may be involved in strand separation (38) or in structure selectivity (20a) . RuvB is a hexameric ring helicase that assembles on opposing arms of the junction via contacts with RuvA. Branch migration of the Holliday junction is achieved by the RuvB helicase motor drawing the DNA through the complex, with each duplex arm rotating within the channels on the surface of RuvA (36, 38) . The crystal structure of Mycobacterium leprae RuvA has revealed that two tetramers of RuvA can bind the junction, creating a stable protein-junction sandwich through which the DNA is guided (39) . The octameric version of RuvA may represent a specialized form of RuvAB specifically active in branch migration and distinct from the RuvABC resolution complex.
The dimeric RuvC endonuclease resolves the Holliday junction into duplex products by the introduction of symmetrically related nicks in two of the four DNA strands (13, 21) . Upon binding a junction, RuvC imposes an unfolded twofold symmetric structure on the DNA which may position the scissile bonds for cleavage in the active site (5) . It shows a preference for cleavage between the third and fourth positions of a tetranucleotide sequence with the consensus 5Ј-(A/T)TT(G/C)-3Ј (4).
There is good evidence to suggest that RuvC is accommodated on the RuvAB-junction complex to form a branch migration-resolvase complex known as the resolvasome (Fig. 2C) . The original notion of a relationship between branch migration and resolution came from genetic studies. Mutations in the three ruv genes confer identical phenotypes and can be suppressed by mutations that switch on expression of an alternative resolvase called RusA (31) . Strains deficient in RuvAB are therefore defective in junction resolution even when RuvC is present. Subsequent biochemical analysis has demonstrated interactions between RuvAC, RuvBC, and RuvABC on synthetic Holliday junctions (11, 47, 50) . In addition, the resolution activity of RuvC is stimulated by RuvAB on large Holliday junction substrates known as -structures (58). The resolvasome model predicts that a RuvABC-junction complex tracks along DNA, with RuvC able to scan for cleavable sequences as the DNA passes through.
Two questions arise from these studies. (i) Does the Ruv ABC resolvasome model based on the analysis of E. coli proteins represent a universal paradigm? (ii) Does the RuvAB branch migration motor have any function other than to locate junctions at cleavable sites? To help answer these questions, we investigated the conservation of RuvAB and RuvC in the available bacterial genome sequences.
CONSERVATION OF RuvABC IN BACTERIA
Genes encoding homologs of RuvA and RuvB are widespread in bacteria, whereas homologs of RuvC are less common (Fig. 3 ). The ruvA and ruvB genes are often found together in an operon, sometimes including ruvC upstream, although there are cases, such as in Synechocystis, where the three ruv genes are scattered around the genome in separate operons. RuvC is absent from the completed genomes of Mycoplasma genitalium, Mycoplasma pneumoniae, Bacillus subtilis, and Borrelia burgdorferi and has yet to be found in Enterococcus, Streptococcus, and Clostridium spp. (Fig. 3) . A phylogenetic tree based on 16S rRNA sequences shows that Mycoplasma, Streptococcus, Enterococcus, Clostridium, and Bacillus spp. define a branch of the tree that seems to lack RuvC (Fig.  4) . The absence of RuvC from B. burgdorferi is puzzling, especially as it is present in the related spirochete Treponema pallidum. As some of these genomes contain the Holliday junction resolvase RusA (Fig. 3 ), they could be using this enzyme instead. However, several organisms have neither RuvC nor RusA, suggesting the existence of an alternative Holliday junction resolvase whose nature has yet to be described. It would seem incongruous to have the enzymes to move Holliday junctions (RuvAB) but lack the means to resolve them.
However, the possibility that RuvAB are involved in restoring stalled replication forks independently of the RuvC resolvase (41) may explain why RuvAB are so highly conserved in bacteria. It has been proposed that a Holliday junction can arise at a blocked replication fork by annealing the newly synthesized strands. Resolution of a junction at this stage would create a double-strand break. Chromosome breakage could be avoided by protecting the junction from endonuclease cleavage with RuvAB. Subsequent degradation of the accessible duplex end of the junction by RecBCD exonuclease is predicted to reestablish the replication fork. Reversing the movement of the junction by branch migration could also restore the fork. The formation of a RuvAB complex in which a RuvA octamer sandwiches the junction may provide the means to protect it from resolution by RuvC.
Sequence comparisons of the Ruv protein homologs can also provide valuable information about critical functional domains. The two helix-hairpin-helix motifs of RuvA involved in Holliday junction binding (18, 37) are conserved in all instances. The acidic pin region (Glu55 and Asp56 [ Fig. 2B] ) is also present with the exception of the RuvA proteins from the two Mycoplasma species. These proteins have an additional four residues at this position with two glutamic acids located nearby. Junction recognition is not impaired as a result of these modifications because purified M. pneumoniae RuvA retains specificity for Holliday junction substrates (20a) . The presence of both Glu55 and Asp56 is not obligatory as 10 species contain only one of these acidic residues. Four hydrophobic residues (Leu167, -170, and -199 and Tyr172) that are likely to form an interface with RuvB (33) are also highly conserved. Motifs consistent with helicase activity are conserved in all examples of RuvB. The four acidic residues of RuvC (Asp7, -138, and -141 and Glu66) that are required for endonuclease activity (3, 40) are present in all the RuvC-like proteins, although the homolog from T. pallidum has aspartic acid-138 replaced with histidine.
PHAGE HOMOLOGS OF RuvC
Homologs of RuvC have recently been identified in a number of bacteriophages from L. lactis (6) . These phage enzymes possess all four acidic residues required for Holliday junction resolution by E. coli RuvC (Fig. 5) (40) . The L. lactis phage bIL66 RuvC homolog is lethal in recA and recBC mutants of E. coli, probably by nicking at replication forks, resulting in double-strand DNA breaks (6) . It is likely that phage bIL66 RuvC is more like the general branch-cutting endonucleases from T4 and T7 (54) . In fact, T7 endonuclease I also has a lethal effect in E. coli recA cells (35) .
The structure of the L. lactis phage RuvC proteins is interesting in that the central portion of the protein, encompassing ␣-helices 2 and 4, differs significantly from that of E. coli RuvC (Fig. 5) . In E. coli RuvC, this region is thought to be involved in sequence specificity of Holliday junction resolution. Mutations in the conserved loop between helices 3 and 4 results in proteins with altered preferences for cleavage at resolution hot spots. In particular, the orientation of two conserved lysine residues present in these helices appears to position the junction for cleavage (17) . The replacement of this region in the phage RuvC enzymes may enable them to cleave Holliday junctions irrespective of the sequences at the crossover point. This would convert them into more general branch-cutting enzymes, perhaps more suited to the requirements of phage replication and recombination. On a more-general point, the sequence specificity of RuvC may ensure that a four-way (Holliday) intermediate is the only possible target, as the symmet- . RuvB hexamer rings encircle duplexes on each side of the RuvA-junction complex. Branch migration is achieved by drawing the duplexes through these rings, generating heteroduplex DNA. A RuvC dimer bound to the upper face of the junction scans for specific target sequences as the DNA passes across RuvA. Symmetrically related incisions are introduced to yield nicked duplexes which can be sealed by DNA ligase. Outlines of RuvA and RuvC were taken from the crystal structures of these proteins (3, 38) . The RuvB structure is based on electron micrographs of RuvAB-junction complexes (36) . An animated model of branch migration by RuvAB can be viewed at the Krebs Institute web site (23a).
rically arranged consensus sequence would be missing from other branched DNA structures.
Two proteins similar to the phage RuvC family were also found on the chromosome of Streptococcus pyogenes (Fig. 5) . The copies, which are 93% identical, appear to be part of cryptic prophages. One is associated with a RecT homolog 1,505 bp upstream and a phage r1t ORF22 homolog 359 bp downstream. The other contains homologs of ORF19 and ORF24 from Streptococcus thermophilus phage 01205 located just downstream.
BRANCH MIGRATION BY RecG
The RuvABC proteins appear to constitute a simple system for the processing of Holliday junctions. However, the situation is complicated by a functional overlap between ruv and recG. Strains with mutations in the ruvABC genes, while exhibiting a significant defect in DNA repair, show only a slight reduction in genetic recombination. This relative proficiency in recombination is eliminated by mutation of recG (25) . The product of recG is a 76-kDa structure-specific DNA helicase which, like RuvAB, can catalyze the branch migration of Holliday junctions (27) . It can recognize and unwind a variety of branched structures, including four-and three-strand junctions, and appears to counter the strand exchange reaction mediated by RecA in vitro. These findings have led to a model whereby RecG targets the three-way junction at a D-loop created by 3Ј-end invasion (Fig. 1A) and drives the junction into duplex-duplex regions to form a Holliday junction (32, 52, 53) . This junction can then be resolved by the action of RuvABC.
RecG also shares a functional relationship with the replication protein PriA, a DNA helicase required for primosome assembly at D-loops. Mutations in priA that probably affect this helicase activity have been isolated as suppressors of the DNA repair and recombination defects associated with recG mutations (1). The functions of these two branch-specific helicases in replication and recombination at D-loops have yet to be clearly defined. In keeping with its activity on D-loops, RecG also unwinds R-loops, formed by the assimilation of homologous RNA into duplex DNA (15, 48 ). An unrelated helicase (UvsW) with properties similar to RecG, including the ability to dissociate R-loops, functions in phage T4 recombination and repair and the regulation of replication origins (8) .
CONSERVATION OF RECG IN BACTERIA
RecG homologs are widespread in bacteria with the exception of M. genitalium, M. pneumoniae, and Chlamydia trachomatis, all of which have relatively small genomes of 0.58, 0.81, and 1.05 Mb, respectively (Fig. 3) . It could be argued that FIG. 3 . Occurrence of Holliday junction-processing enzymes in eubacteria. Searches were performed with gapped BLAST and PSI-BLAST programs (2) and databases provided by the National Center for Biotechnology Information (32a), The Institute for Genomic Research (46a), and the Sanger Centre (40a) . The definition of a homolog (or ortholog) of each gene was based on the following four criteria: (i) sequence similarity searches using the E. coli proteins and subsequent searches with the identified homologs, (ii) analysis based on the known crystal structures of RuvA and RuvC and information derived from mutant versions of the five enzymes site-directed, (iii) experimental evidence confirming the appropriate activities of predicted homologs, and (iv) conservation of distinctive motifs belonging to the family of proteins. The random expectation values (2) for the E. coli protein against the most dissimilar homolog were as follows: Mycoplasma genitalium RuvA (6 ϫ 10 Ϫ4 ), Mycoplasma pneumoniae RuvB (2 ϫ 10 Ϫ49 ), Synechocystis sp. strain RuvC (5 ϫ 10
Ϫ6
), and Campylobacter jejuni RecG (2 ϫ 10 Ϫ48 ). Specific features used to identify each homolog included the following: the pair of helix-hairpin-helix motifs and the conserved acidic pin residues of RuvA (37), high conservation of the unusual helicase domain of RuvB, four essential acidic residues required for catalysis and conserved residues around helices 3 and 4 of RuvC (17, 40) , and similarities in the helicase and N-terminal domains of RecG and the unique motif it shares with TRCF. TRCF and RecG have different N-and C-terminal domains, sharing considerable homology (38% identity between the E. coli proteins) only in the central helicase motifs (42) . RusA homologs are highly divergent and were identified by searching with each member of the family. With the exception of Clostridium acetobutylicium, all contained three aspartic acid residues required for Holliday junction resolution in a conserved C-terminal domain of RusA (7). Several eukaryotic proteins that have been designated RuvB-like (TIP49, RU-VBL1, and RUVBL2) were excluded due to the absence of several motifs characteristic of the bacterial RuvB family and the lack of evidence supporting their involvement in recombination. Details of alignments and the accession numbers of identified homologs are available on request. Species are placed in order relative to the phylogenetic tree shown in Fig. 4 . Small black circles identify the organisms for which the genome sequence has been completed. The presence (black squares) and absence (white squares) of RuvA, RuvB, RuvC, RecG, and RusA homologs are indicated; a grey square indicates that these homologs were not found in that species, but the genome sequence is incomplete. Abbreviations: Synechocystis, Synechocystis sp. strain PCC6803; Actinobacillus actinomyc., Actinobacillus actinomycetemcomitans.
RecG is a luxury activity for more-complex organisms. However, it is present in other bacteria with only slightly larger genomes, such as T. pallidum (1.14 Mb) and Rickettsia prowazekii (1.10 Mb). The evolutionary conservation of RecG, together with the profound recombination and repair defect found in a recG ruv double mutant (25) , implies that RecG plays an important and distinct role in itself and is not simply an alternative to RuvAB.
The helicase domain of RecG is highly conserved in all instances, with the N-terminal 250 amino acids, implicated in junction DNA specificity (28) , showing more limited similarity.
The product of the mfd gene, TRCF (transcription-repair coupling factor), is highly homologous to RecG in the region encompassing the seven helicase motifs (42) . The similarity is consistent with a common evolutionary origin and suggests a shared enzymatic function. TRCF targets the UvrABC excision repair system to lesions in the transcribed strand. It recognizes the RNA polymerase stalled at a damaged site, releases the polymerase and the transcript (possibly through helicase activity), and directs UvrAB to the lesion through TRCF-UvrA interactions. The occurrence of TRCF in bacteria generally mirrors that of RecG. Exceptions are Chlamydia trachomatis where TRCF is present and RecG is absent, and Aquifex aeolicus where the opposite situation takes place. Both enzymes are absent from the two Mycoplasma species. RecG and TRCF share an additional conserved motif of 37 to 40 residues located adjacent to helicase motif VI (residues 606 to 642 of E. coli RecG and 926 to 965 of E. coli TRCF). Mutations in the conserved residues in this region eliminate the ability of RecG to complement the DNA repair defect associated with recG mutation (28a).
HOLLIDAY JUNCTION RESOLUTION BY RusA
The recombination and DNA repair defects associated with mutations in ruv can be suppressed by insertion of IS2 or IS10 elements upstream of the rusA coding region, which activate transcription of the normally silent gene on the cryptic prophage DLP12 (29, 31) . The 14-kDa RusA protein is a homodimeric Holliday junction-specific endonuclease (43) . It is sequence specific like the RuvC resolvase, although it prefers to cut 5Ј of a CC dinucleotide (9, 16) . RusA displays less structure specificity than RuvC and can bind a variety of branched DNA structures (10) . Complete suppression of the ruv defect is dependent on the activity of RecG (31) . RecG may be required by RusA to branch migrate Holliday junctions to cleavable sequences or simply to generate four-way junctions from Dloops.
With the exception of A. aeolicus, RusA homologs are found in phage genomes (HK022 and 97, mycobacteriophage TM4, L. lactis r1t, and Staphylococcus aureus PVL) or associated with phage sequences on the chromosomes of a number of bacteria ( Fig. 3) (7) . The gene is frequently located downstream of replication-associated proteins (including homologs of E. coli dnaC and O and P) and upstream of lysis genes. The molecular organization of the sequences from E. coli K-12, Neisseria gonorrhoeae, and phages 82, HK022, and 97 are similar and generally correspond to the nin region of phage . An unrelated structure-specific endonuclease, called Rap (NinG), has been isolated from this region of . Rap is capable of nicking a wide range of branched DNA molecules including D-loops (44, 44a) . It can also resolve large Holliday junction substrates known as -structures, apparently by the introduction of symmetrically related nicks (44a) . RusA homologs show the highest conservation in the C-terminal half of the protein where the three catalytic aspartic acid residues (positions 70, 72, and 91) reside (7) . The RusA homolog from L. lactis phage r1t has been partially purified and resolves Holliday junctions in a manner similar to that of E. coli RusA (44a).
A. aeolicus is the only member of the eubacteria to lack the RuvABC system (Fig. 3) . Phylogenetic trees based on 16S rRNA have shown that this bacterium is deeply rooted (Fig. 4) , branching at the base of the eubacterial domain close to Archaea and Eucarya (12) . RuvABC may therefore be a more recent acquisition by eubacteria, although the possibility that Aquifex lost this system cannot be discounted. A. aeolicus does have RecG and RusA which in E. coli are known to comprise a proficient system for resolving Holliday junctions (31). The A. aeolicus version of rusA (Aq1953) is located beside genes that are not normally associated with phages, namely, rnhB (RNase HII), rplS (ribosomal protein L19), and lplA (lipoate protein ligase). The lack of associated phage-like sequences suggests that A. aeolicus rusA could be a genuine host gene. Since Aquifex is an ancient bacterium, the uncoupled branch migration and resolution system provided by RecG and RusA may have been the original paradigm for recombination in the ancestor of Bacteria and perhaps even Archaea and Eucarya. If this scenario were correct, bacteriophages would have acquired RusA as a beneficial factor for removing recombination intermediates at some later date. A cellular origin for RusA accords with its structure selectivity, which is more like RuvC than the less discriminating branch-cutting enzymes from phages T4 and T7.
HOLLIDAY JUNCTION PROCESSING IN
ARCHAEA AND EUCARYA Homologs of RuvABC, RecG, and RusA are chiefly absent from the currently available archaeal and eukaryotic sequences. As the Archaea have DNA and RNA metabolism systems that are more like eukaryotes, one might expect them to resemble each other rather than eubacteria. However, a homolog of RecG was found on chromosome II of Arabidopsis thaliana (GenBank accession no. AC005560). This gene is remarkably similar to E. coli RecG (35% identity; 50% similarity), with most of the residues present in the bacterial RecG family conserved. It has an additional 132 residues at the N terminus which may carry localization signals or a domain for interaction with other proteins. The Arabidopsis RecG protein resembles most closely the RecG homologs from Synechocystis and Aquifex. Such an obvious RecG-like protein is absent from the completed Archaea, Saccharomyces cerevisiae, and Caenorhabditis elegans genome sequences. It is possible that Arabidopsis picked up RecG from bacteria or from mitochondrional or chloroplast progenotes.
S. cerevisiae contains a Holliday junction resolvase unrelated to RuvC or RusA known as CCE1 (22, 54 ). An equivalent enzyme from Schizosaccharomyces pombe has also been found (34, 51, 56) . Although encoded by a nuclear gene, it is targeted to the mitochondrion. S. cerevisiae CCE1 behaves very like the eubacterial resolvases and shows a preference for cleaving 5Ј of a CT dinucleotide (55) . Surprisingly, CCE1 shows 43% similarity to MRS1, a mitochondrial RNA splicing enzyme (24) . This raises questions regarding the origin of enzymes that recognize junction-like structures in DNA and RNA.
For the most part, enzymes involved in branch migration and resolution of Holliday junctions in the Archaea and Eucarya have yet to be characterized, although junction-resolving activities have been detected in extracts from mammalian cells (14, 20) . The identification and characterization of such activities from these two domains of life remain an obstacle to overcome. It will be fascinating to see how much they resemble and operate like their eubacterial counterparts.
